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Abstract. The incorporation of fly ash (FA) in cementitious matrices has been frequently 
used in order to make the matrix more resistant to the action of chlorides. On the other hand, 
it is known that Ca(OH)2 existing in the matrix is consumed by the pozzolanic reactions, 
which makes easier the carbonation front advance. Given that the chloride ingress and 
carbonation are the two main causes of degradation in reinforced concrete, we speculate about 
the behaviour of FA concrete when the structure is submitted simultaneously to chlorides and 
carbonation.  
This work studied the influence of carbonation on the chloride migration coefficient in FA 
concrete. For this, specimens with 0% and 40% replacement of cement CEM I 42.5R by FA 
were casted with water/binder 0.55 and 0.50 respectively. After 90 days of curing period, half 
of samples were subjected to accelerated carbonation (20ºC ,55%RH and 4%CO2) for 1, 2 and 
3 months. The other half was protected with plastic film during the same period. 
Non-steady-state migration tests, according to LNEC E463 (Portuguese specification), were  
performed with specimens subjected to both experimental conditions.  
The results show that, for these conditions, the carbonation has a direct influence on chloride 
diffusion coefficient, increasing it. For FA concrete samples this effect is more evident. In 
these cases, the carbonated samples studied showed a diffusion coefficient up to two times 
higher than noncarbonated ones.  
The increase in large capillary pores, caused by carbonation, can be responsible for the 
increase of chloride penetration into concrete subjected to combined action. 
680
R. Malheiro, G. Camacho, A. Camões, G. Meira, T. Amorim, R. Ferreira and R. Reis 
 2 
1 INTRODUCTION 
To ensure the sustainability of the construction industry it is essential to guarantee the long 
term durability of concrete structures without unforeseen needs of maintenance. However, the 
premature deterioration of concrete structures has been observed worldwide, resulting in great 
financial losses, in the order of millions of euros [1] for repair and reconstruction of these 
structures, not including incalculable environmental and social impact. One option to address 
the sustainability and durability of concrete structures from the design phase has been to 
incorporate industrial wastes or byproducts into the mix as a partial replacement of cement.  
In light of recent research internationally [2, 3, 4] more attention is now being drawn to the 
combination of degradation mechanisms and the effect on the concrete durability . Despite the 
advances in knowledge on concrete durability, little is known on how carbonation affects and 
interacts with chloride penetration.  
The incorporation of fly ash (FA) in cementitious matrices has been used to make concrete 
more sustainable and also to make its matrix more resistant to the action of chlorides, as 
confirmed by published research [5, 6, 7]. However, taking into account carbonation, when 
replacing cement by FA there is a double effect: the reduction in matrix permeability, which 
reduces the penetration of carbon dioxide in the structure; the consumption of calcium 
hydroxide due to the pozzolanic reactions, which decreases the alkalinity of the concrete, 
resulting in a more rapid carbonation when compared to the concrete without pozzonalic 
addition [8, 9, 10]. 
The action of chloride ions and carbon dioxide on the concrete structures has been 
investigated as individual phenomena. However, the study on the combination of degradation 
mechanisms is relatively recent and achieves greater expressiveness from the year 2000 [11, 
12, 13, 14, 15]. Thus, despite the combined action of these mechanisms being a reality, there 
is no consensus on the effect of combination of chlorides and carbonation on the durability of 
concrete with and without FA. 
According to [11], for instance, for Ordinary Portland Cement (OPC) mortar, the exposure 
to carbon dioxide environment does not lower the chloride penetration resistance. They 
submitted the specimens to carbonation chamber (5% CO2, 23ºC and 50% RH) for 28 days 
and after that, the specimens were tested for rapid chloride penetration test, modified rapid 
migration test and chloride immersion test (3% NaCl solution). On the other hand, [13] say 
that, for OPC concrete, after carbonation, the chloride diffusion coefficient increases. They 
submitted the specimens to carbonation chamber (20% CO2, 20ºC and 70% RH) for 0,14 and 
28 days. After that wet and dry cycle test was carried out. The specimens were immersion, for 
one week,  in 5% NaCl solution and drying, for one week,  in laboratory environment cycles 
to study the effect of carbonation on chloride transport. The cycles were repeated for twelve 
weeks. 
In order to contribute to this important and ongoing scientific discussion, the main 
objective of this research is to study the effect of carbonation dioxide on chloride ion 
diffusion coefficient of concretes with incorporation of fly ash.  
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2 EXPERIMENTAL WORK 
2.1 Materials and mixing proportion 
 In this work one has used Ordinary Portland Cement (OPC), CEM I 42.5R, and Fly Ash 
(FA) as binder materials, which chemical compositions are presented in Table 1. Fine 
aggregate with a fineness modulus of 5.04 and coarse aggregate with maximum size 12.70 
mm were used. Tape water was used for all the produced mixtures.  
 
Table 1: Chemical composition of OPC (CEM I 42.5) and FA 
Composition OPC FA % % 
SiO2 20.33 55.10 
Al2O3 4.59 26.60 
Fe2O3 3.06 5.70 
CaO 62.30 2.58 
MgO 2.12 1.30 
SO3 3.10 - 
K2O 0.76 1.41 
Na2O 0.19 0.26 
TiO2 - 1.33 
P2O5 - 0.73 
Clˉ 0.07 - 
Loss on ignition 1.78 3.07 
Insoluble residue 1.21 - 
Remaining elements   0.49 1.92 
 
Two mixtures were adopted in this study, which are presented in Table 2. Cylindrical 
concrete specimens with ϕ100x200 mm were casted with the mixtures presented. After 
casting, the specimens were covered with a plastic sheet and were stored in a humidity 
chamber (21 ºC and 98% RH) for one day. Then, they were removed from the moulds and 
were cured immersed in water for 90 days. The choice of this curing period was to give 
enough time for pozzolanic reactions in specimens containing FA to occur. 
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Table 2: Mixtures and properties of thedeveloped concrete 
Materials Binder  100% OPC 40% FA 
Relative proportions   
Cement (kg) 380 228 
Fly ash (kg) - 152 
Water (l) 209 190 
Sand 0/4 (kg) 911.16 926.18 
Coarse aggregate 4/8 (kg) 254.37 281.18 
Coarse aggregate 6/12 (kg) 461.84 483.10 
Property   
Slump (mm) 100.5 110 
Compressive strength (MPa):   
28 days 33.66 24.62 
90 days 45.16 34.48 
365 days 47.44 51.59 
Capillary absorption (kg/m2/min1/2) 0.128 0.116 
Total porosity (%) 10.5 9.99 
2.2 Experimental program 
 After the curing period, all samples were cut in three slices. The top and bottom of the 
samples were discarded (Figure 1). The new samples (ϕ100x50mm) were divided in two 
groups, A and B. The group A was subjected to accelerated carbonation in carbonation 
chamber (4% CO2, 20 ºC and 55% RH), following the recommendations of the European 
Standard [16], for 1, 2 and 3 months while the group B (reference group) remained in 
laboratory environment for the same period. 
 
Figure 1: Scheme of sample utilization 
683
R. Malheiro, G. Camacho, A. Camões, G. Meira, T. Amorim, R. Ferreira and R. Reis 
 5 
Before accelerated carbonation the specimens of group A were subjected to 
preconditioning procedures in order to achieve the equilibrium with environmental humidity 
near 60% and accelerated the carbonation process. This preconditioning had three stages. In 
the first stage, the specimens remained in a chamber with controlled temperature and 
humidity (20 ºC and 60% RH) until to reach constant mass. Second, they had the lateral and 
the bottom covered with paraffin in order to guarantee the one-dimensional attack of 
aggressive agents through the top of the specimen. Third, they were protected with several 
layers of plastic film and put in an oven (40 ºC), for 20 days, to distribute the humidity inside 
the specimen. The specimens of group B were wrapped with plastic film and, after, they were 
stored in laboratory environment. 
When finished the carbonation tests, Non-Steady-State Migration Tests (NMT) were 
performed [17] with specimens previously subjected to accelerated carbonation, group A, and 
with reference specimens, group B. For specimens of group A, the paraffin was removed and 
then all the specimens were subjected to NMT. These specimens were previously saturated 
with limewater under vacuum conditions and stored in the solution for 18 ± 2 h. Afterwards, 
the samples were placed in rubber sleeves, as it is shown in Figure 2. The catholyte was filled 
with a 10% NaCl solution and the anolyte with a 0.3M NaOH solution. The test duration and 
applied voltages were determined based on the initial current measured at 30 V.  
 
Figure 2: Non-Steady-State Migration Test scheme (a) and set-up (b) 
 At the end of the test, the samples were split perpendicularly to the aggressive agents 
penetration direction. For group B, the halfs were only sprayed with 0.1 M AgNO3 solution in 
order to determine the penetration depth of chlorides. For group A, the halfs were used in 
different ways: the first one was sprayed with a 1% phenolphthalein solution in 70% ethyl 
alcohol [18] in order to determine the advance of the carbonation front; and the other one was 
sprayed with 0.1 M AgNO3.  
 The penetration depth of chloride was used to determine a chloride ion diffusion 
coefficient and following equation derived from the Nernst–Plank equation [19] (1) where D 
is chloride ion diffusion coefficient (cm2/s), R is gas content (8.314 J/K mol), T is temperature 
(K), L is the thickness of specimens (cm), z is the ion valence, F is Faraday content (9.65 x 
104 C/mol), E is values of potential (V), xf  is the inflection point of the chloride ion profiles 
that needs to be related to the depth given by the colorimetric technique and t is the time of 
test duration (s).  
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t
x
zFE
RTLD f                                                  (1) 
 The schematic diagram of experimental program is shown in Figure 3. 
Figure 3: Schematic diagram of programs test 
 
3 RESULTS  
The next sections present results of concrete carbonation and chloride penetration. Each point 
represents an average of three specimens results.  
3.1 Carbonation 
 Figure 4 shows the depth of carbonation front obtained for the specimens and exposure 
periods studied in group A. It is possible to see the results for OPC and FA concrete. 
 
Figure 4: Carbonation depth for OPC and FA concrete in diferent test time 
 As expected, FA concrete presented deeper carbonation depth than OPC concrete. The 
difference between OPC and FA carbonation depth increases with the increase in testing time. 
In the third month this difference achieves 40.2%.  
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 It can also be seen that there is an increase in carbonation depth with the increase of testing 
time. This increase is more pronounced in FA concrete where it is possible to see a 88% 
increase from first to third month. 
3.2 Chlorides 
 Figures 5 and 6 show the chloride ion diffusion coefficients obtained from NMT, for OPC 
and FA concrete. Figure 5 shows the results for group B, reference group, only chlorides, and 
Figure 6 presents results for group A, carbonation and chlorides. 
 
Figure 5: Chloride diffusion coefficient for OPC and FA concrete subjected only chloride action 
As expected, OPC concrete has higher chloride ion diffusion coefficients than FA concrete. 
In the first month, the OPC diffusion coefficient, 23.35×10-12 m²/s, is almost 13 times higher 
than FA diffusion coefficient, 1.90 x10-12m²/s. In OPC concretes there is a tendency to 
decrease de diffusion coefficient with the test time increase. This tendency can be related with 
the development of cement hydration along time that decreases the concrete poros and, 
consequently, decreases the chloride diffusion coefficient. In FA concrete this tendency could 
not be observed. 
 
Figure 6: Chloride diffusion coefficient for OPC and FA concrete subjected combined action, CO2 and Cl- 
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In Figure 6 it is possible to observe the influence of carbonation on the chloride ion 
diffusion coefficient. Again, the OPC concrete presented higher chloride ion diffusion 
coefficients than FA concrete but, in this case, the diffusion coefficient values are higher than 
in the situation without  carbonation, regardless FA presence. Thus, the results suggest that 
carbonation increases the chloride ion diffusion coefficient. 
In OPC concretes there is a tendency to decrease the diffusion coefficient with the test time 
increase. But in FA concretes there is the opposite tendency, that is, the diffusion coefficient 
increase with the test time increase. 
 
4 INFLUENCE OF CARBONATION ON CHLORIDE DIFFUSION COEFFICIENT 
The results presented in section 3 show that the carbonation has influence on chloride ion 
diffusion coefficient of studied concretes.  
For OPC concrete, under the studied conditions, there is an increase in diffusion coefficient 
when the samples are subjected to combined action of carbonation and chloride transport. In 
this case, the increase is more pronounced in the first month of carbonation where 7.96 mm of 
carbonation depth leads to a increase of 26% in chloride coefficient diffusion. 
In the same way, for FA concretes (and deeper carbonation depths), under the conditions 
studied, the combined action increases the chloride diffusion coefficient. But, for this case, the 
coefficient of diffusion has increased (Figure 7). In the first month the increase is 44%, in the 
second month it is 191% and the third month has the biggest increase, 249%.  
 
Figure 7: Chloride diffusion coefficient for FA concrete, group A and group B 
Figure 8 shows the relationship between the chloride diffusion coefficient with carbonation 
depth in FA concrete. 
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Figure 8: Relation between chloride diffusion coefficient and carbonation depth for FA concrete 
This increase in chloride diffusion coefficient can be related with the increase in large 
capillary pores, caused by carbonation, providing a "privileged way" for chlorides. [20, 21] 
studied the effect of carbonation on pore structure and found that, after carbonation, there is a 
reduction in total porosity but the proportion of large capillary pores  was increased slightly 
for the OPC pastes and much more significantly for FA pastes. Furthermore, the carbonated 
concrete has its chloride binding capacity reduced which means that there are more free 
chlorides. 
Despite the large increase in the diffusion coefficient occurred in the FA concrete, it is 
important to say that the use of this material  continues to be benefical in environments 
containing chlorides because it presents diffusion coefficients quite lower than OPC concrete, 
Figure 6. However, the use of FA in environments containing chlorides and CO2, at the same 
time,  should be considered with care. 
Based on present results, it can be pointed out that carbonated concrete works as a 
"privileged way" for chlorides penetration. It is quite evident for FA concrete as we can see in 
Figure 9, that shows the FA concrete halfs (group A) after finished the test. It is possible to 
see that chlorides crossed completely the carbonated front but reached depths only a few 
millimeters deeper than the carbonation front. 
 
Figure 9: FA concrete sample after carbonation and migration test. XM1: carbonation depth. XM2: chloride 
penetration depth 
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5 CONCLUSIONS 
Based on the results achieved it is possible to conclude, for the studied conditions, that: 
- Carbonation has an influence on the chloride ion diffusion coefficient for OPC and 
FA concrete. Carbonated concrete works as a "privileged way" for chlorides 
penetration; 
- For OPC concrete the carbonation increases the chloride diffusion coefficient up to 
26%; 
- For FA concrete the carbonation sharply increases the chloride diffusion coefficient. 
This increase achieves 249% for three months in carbonation chamber. Furthermore, 
the diffusion coefficient increases with the carbonation depth increase. 
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